Frequenin, a Ca 2؉ -binding protein, has previously been implicated in the regulation of neurotransmission, possibly by affecting ion channel function. Here, we provide direct evidence that frequenin is a potent and specific modulator of Kv4 channels, the principal molecular components of subthreshold activating A-type K ؉ currents. Frequenin increases Kv4.2 current amplitudes (partly by enhancing surface expression of Kv4.2 proteins) and it slows the inactivation time course in a Ca 2؉ -dependent manner. It also accelerates recovery from inactivation. Closely related Ca 2؉ -binding proteins, such as neurocalcin and visinin-like protein (VILIP)-1 have no such effects. Specificity for Kv4 currents is suggested because frequenin does not modulate Kv1.4 or Kv3.4 currents. Frequenin has negligible effects on Kv4.1 current inactivation time course. By using chimeras made from Kv4.2 and Kv4.1 subunits, we determined that the differential effects of frequenin are mediated by means of the Kv4 N terminus. Immunohistochemical analysis demonstrates that frequenin and Kv4.2 channel proteins are coexpressed in similar neuronal populations and have overlapping subcellular localizations in brain. Coimmunoprecipitation experiments demonstrate that a physical interaction occurs between these two proteins in brain membranes. Together, our data provide strong support for the concept that frequenin may be an important Ca 2؉ -sensitive regulatory component of native A-type K ؉ currents.
F requenin belongs to the EF-hand family of Ca 2ϩ sensing proteins (1) , which includes recoverin, calmodulin, neurocalcin, KChIPs, visinin-like proteins (VILIPs), and hippocalcin. Although the functional roles of these Ca 2ϩ -binding proteins are highly diverse, accumulating evidence suggests that many of these proteins modulate ion channels and other proteins, often bestowing Ca 2ϩ senstivitity to the function of their interacting partners (1, 2) . The functional role of frequenin (also termed neuronal calcium sensor 1; NCS-1) is largely unknown. Early reports suggested an involvement in exocytosis, because overexpression of frequenin results in enhanced neurotransmission in neurons and exocytosis in neuroendocrine cells (3) (4) (5) . Frequenin also interacts with phosphotidyl-4-OH kinase (PI-4-K) in yeast (6) and mammals (7) , which in turn has been implicated in Golgi transport (8) . Biochemical assays have shown that frequenin binds to multiple proteins in both a Ca 2ϩdependent and -indpependent manner (9) ; frequenin may therefore have a diverse array of target proteins, some of which may be channel proteins. Indeed, experiments with the V7 Drosophila mutant, which overexpresses frequenin, suggest a role for frequenin in neurotransmission, possibly by affecting ion channel activity (3) . Further support for a direct role of frequenin in the modulation of specific ion channels comes from the observation that the modulation of A-type K ϩ currents by intracellular Ca 2ϩ was altered in the V7 mutant fly (10) . In this study, we provide direct evidence that frequenin strongly and specifically modulates Kv4 channels (the molecular components of subthreshold-activating A-type K ϩ currents). This action may be physiologically relevant because frequenin colocalizes with Kv4.2 in some areas of the brain, such as the hippocampus and cerebellar cortex, and physically interacts with native brain Kv4.2 proteins.
Methods
Molecular Biology. The following cDNAs were obtained as expressed sequence tags from Image Consortium and sequenced to confirm their integrity and identity with published sequences (GenBank accession numbers in brackets): human frequenin (W81153), human KChIP1 (AW007011), human calmodulin (AW161277), mouse VILIP (AA734202), and human hippocalcin (AI878898). Mouse neurocalcin (a gift from K. Hashimoto, National Institute of Infectious Diseases, Tokyo) was subcloned into pSGEM. The coding region of mouse Kv4.1 (a gift from M. Covarrubias, Thomas Jefferson University, Philadelphia) was subcloned into pcDNA3. We constructed green fluorescent protein (GFP)-tagged and myc-tagged frequenin by respectively subcloning the coding region into pEGFP-N3 (CLONTECH) or the pCS2 ϩ MT vector, which contains 6 myc epitope copies (11) . Two copies of the hemagglutinin (HA)-epitope were inserted immediately before the Kv4.2 stop codon to obtain Kv4.2-HA. Kv4 chimeric constructs were generated as described (12) .
We synthesized cRNA by using run-off in vitro transcription (Ambion, Austin, TX). The integrity and size of all cRNAs were verified by denaturing agarose gel electrophoresis. The cRNA concentration was quantified by densitometry (Scion Image, Frederick, MD) and by comparison to a known RNA size marker (GIBCO).
Electrophysiology. For microinjection of in vitro transcribed cRNA (50 nl; 0.1-18 ng), stage V-VI oocytes were harvested from Xenopus laevis. Two to three days after the injection, oocytes were voltage clamped by using standard two-electrode voltage-clamp techniques as described (13) . Recordings were obtained by using a Geneclamp 500 amplifier (Axon Instruments, Foster City, CA) with data sampled at 5 kHz and filtered at 1 kHz. Currents were elicited by depolarizing steps from Ϫ100 to ϩ60 mV in 10-mV increments every 15 s from a holding potential of Ϫ120 mV. To avoid contamination by endogenous Cl Ϫ currents, we superfused (1 ml/min; 20 Ϯ 2°C) oocytes with a low Cl Ϫ recording solution containing 96 mM Na-glutamate, 2 mM K-glutamate, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM Hepes (pH 7.5, adjusted with NaOH). Data Analysis. Data were analyzed by using the PCLAMP suite of software (Axon Instruments) and ORIGIN for Windows (Microcal Software, Northampton, MA). Leak subtraction was performed for each trace. Results are expressed as means Ϯ SEM.
Recovery from inactivation was examined by applying a double pulse protocol consisting of two depolarizing pulses to ϩ20 mV, separated by intervals of increasing duration (from 20
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to 460 ms in 40-ms increments) at Ϫ120 mV. The peak current amplitude during the test pulse (I) was normalized to that recorded during the first pulse (I o ) and plotted as a function of the interpulse duration. The best-fit exponential function was used to derive the time constant of recovery from inactivation.
Steady-state inactivation was measured by using a voltage protocol in which the membrane was held at voltages ranging between Ϫ150 mV and Ϫ10mV for a period of 10 s (to obtain complete steady-state inactivation) followed by a 1-s test pulse to ϩ20 mV, during which peak current amplitude (I) was measured. Data were normalized to the peak current amplitude following a prepulse at Ϫ150 mV (I max ), and plotted as a function of prepulse potential. The best-fit Boltzmann function was used to derive the midpoint voltage of inactivation and slope factor.
Coimmunoprecipitation. HEK293 cells were transfected (Fugene6, Roche Diagnostics) with either HA-tagged Kv4.2 or GFP-tagged frequenin cDNA, or cotransfected with both cDNAs. Two days after transfection, cells were solubilized and total cell lysates were obtained. Clarified lysates were immunoprecipitated with a polyclonal anti-HA (Covance) or anti-Kv4.2 antibody (14), or anti-GFP antibody (CLONTECH) and incubated with protein A͞G Sepharose (Amersham Pharmacia). The immunoprecipitated proteins (or cell lysates) were separated by SDS͞12% PAGE, and Western analysis was performed by using an anti-GFP or anti-HA (clone 12CA5) monoclonal antibody, and a secondary anti-mouse IgG antibody (Amersham Pharmacia). Proteins were visualized by chemiluminescence (Pierce).
Total membrane fractions were obtained from homogenized mouse brain (15) . Membrane fractions were immunoprecipitated as described above by using polyclonal Kv4.2 antibody or chicken antifrequenin antibodies (Research Diagnostics), and subjected to Western analysis. The secondary antibody was donkey anti-chicken IgG antibody (Jackson ImmunoResearch) or donkey anti-rabbit IgG (Amersham Pharmacia).
Immunofluorescence Microscopy. COS cells were transiently transfected with Kv4.2 or GFP-tagged frequenin cDNA, or cotransfected with both cDNA and subjected to immunocytochemistry (16) . Mouse brain sections (40 m) were obtained and processed as described (17) . The primary antibodies and concentration used were rabbit anti-Kv4.2 (Sigma; 1:500) and chicken antifrequenin (1:1000). The latter antibodies specifically recognize frequenin because immunoblotting shows that frequenin (but not KChIP1) is detected in lysates from frequenin-or KChIP1transfected cells (data not shown). Secondary antibodies (Jackson ImmunoResearch) were goat Cy2-or Cy3-conjugated antirabbit IgG and donkey Cy2-conjugated antichicken IgG. Images for presentation were acquired on an Olympus AX-70 with 4ϫ 0.3 numerical aperture and 60ϫ 1.25 numerical aperture objectives by using a MagnaFire-cooled charge-coupled device camera with Olympus MAGNAFIRE and Adobe PHOTOSHOP software (Adobe Systems, Mountain View, CA).
Statistics. Comparisons between two groups were performed by using Student's t test or the Rank Sum test. Values of P Ͻ 0.05 were considered statistically significant.
Results

Frequenin Modulates Kv4.2 Currents in Xenopus Oocytes. When
Xenopus oocytes were coinjected with Kv4.2 and frequenin cRNAs, the expressed outward currents were substantially larger than in oocytes injected with only Kv4.2 cRNA (plus H 2 O to assure a constant injection volume). Peak Kv4.2 currents were, respectively, 18.1 Ϯ 1.9 and 7.0 Ϯ 1.6 A at ϩ50 mV ( Fig. 1A) . Although the magnitude of the increase varied amongst different batches of oocytes (range: 1.4-2.6 times larger than Kv4.2 alone), it occurred at all test potentials examined without a significant shift in voltage dependence of activation as shown in the normalized conductancevoltage relationships ( Fig. 1 B and Inset). Frequenin also markedly slowed the time course of inactivation of Kv4.2 currents, as illustrated by normalizing Kv4.2 current traces in the presence and absence of frequenin ( Fig. 1C ; see also Table 1 ).
The increase in Kv4.2 current amplitude may be explained in part by the ability of frequenin to enhance the trafficking of Kv4.2 proteins to the plasma membrane ( Fig. 2 ). When COS cells were transfected with Kv4.2 cDNA alone, Kv4.2 proteins were predominantly expressed in perinuclear regions ( Fig. 2 A) . In the presence of frequenin, however, more Kv4.2 immunoreactivity was apparent in the outer margins of the cells (Fig. 2C ).
To determine how frequenin alters inactivation kinetics, we examined the decay of individual outward currents assuming a sum of exponential terms. Kv4.2 current traces were best described as a sum of two exponential functions (13) . Frequenin altered neither the fast nor the slow time constants of inactivation, but instead reversed their relative contribution (Table 1 ). In the absence of frequenin, the ratio of fast to slow components of Kv4.2 inactivation was 80:13, but with frequenin, the ratio was 36:61 (Table 1) . From this analysis, we conclude that the slower inactivation of Kv4.2 currents in the presence of frequenin was due to an enhanced relative contribution of the slow inactivation process. Other Kv4.2 inactivation parameters were affected less by frequenin: there was a small but significant acceleration of recovery from inactivation ( Fig. 1D ), but the voltage dependence of steady-state inactivation was largely unaffected (Fig. 1E ).
Modulation of Kv4 Currents by Frequenin Requires Intracellular Ca 2؉ .
Frequenin binds Ca 2ϩ through an interaction with its three EFhand domains (1) . We examined whether manipulation of cytosolic Ca 2ϩ might influence the effects that frequenin has on Kv4.2 currents. After injecting Xenopus oocytes with frequenin and͞or Kv4.2 cRNAs (molar ratio of 4:1), they were incubated for a period of 20 -26 h with the membrane-permeable Ca 2ϩ chelator, BAPTA-AM (10 M; or only with the solvent DMSO as a control). The incubation with BAPTA-AM was started either soon after injection (immediately or 1-day after injection, when protein synthesis and͞or trafficking is expected to occur at high rates), or at a later stage (2 days after injection, when significant protein synthesis has already occurred and significant amounts of channel proteins have already trafficked to the membrane; indeed, we have observed that the biggest increase of Kv4.2 currents occurred within the first 2 days after injection; data not shown).
The effects of frequenin on Kv4.2 currents were prevented when oocytes were incubated with BAPTA-AM during the first day after injection ( Fig. 3 A and B) . However, when BAPTA-AM incubation was started 2 days after injection, it only prevented the effects of frequenin on inactivation time course but not on current amplitude ( Fig. 3 C and D) . These data show that cytosolic Ca 2ϩ is important in mediating the effects of frequenin on Kv4.2 currents and suggest that different mechanisms are involved in the regulation of the two parameters.
Effects of Other Ca 2؉ -Binding Proteins on Kv4.2 Currents. The effects of frequenin on Kv4.2 currents resemble those recently reported for a family of Ca 2ϩ binding proteins known as KChIPs, identified by using yeast two-hybrid methods (18) . KChIPs are distantly related to frequenin (only 31-37% amino acid identity) as compared with other members of the Ca 2ϩ binding family such as VILIPs, neurocalcin, and hippocalcin (with Ϸ60% identity in amino acid sequence). We examined whether these, more closely related, Ca 2ϩ binding proteins affected Kv4.2 currents. Unlike frequenin or KChIP1, these proteins had no significant effects on the amplitude or time course of Kv4.2 currents (Table 2) . Similarly, the more distantly related Ca 2ϩ binding protein, calmodulin, had no effects on Kv4.2 currents. These results demonstrate that interaction with Kv4 proteins is not a general feature of Ca 2ϩ binding proteins.
Frequenin Specifically Modulates Kv4 Channels. To investigate the specificity in modulating Kv4 currents, we examined whether frequenin also affected other Kv subfamily members. We chose Kv1.4 and Kv3.4, both of which also express rapidly inactivating voltage-activated K ϩ currents (the molar ratio of frequenin to Kv-channel cRNA was 4:1). Frequenin had no effect on these two currents. For Kv1.4 currents, the average median inactivation times were 47 Ϯ 1.0 ms and 50 Ϯ 1.5 ms (n ϭ 6 each; P was not significant) with and without frequenin (the corresponding amplitudes were 6.2 Ϯ 1.6 A and 7.5 Ϯ 1.8 A). Kv3.4 currents were also unaffected; the median inactivation times were 16 Ϯ 1.2 ms and 16 Ϯ 0.7 ms (n ϭ 6 each; P was not significant) with and without frequenin (the corresponding amplitudes were The median inactivation times were obtained by measuring the time until half-maximal inactivation has occurred. The inactivation time constants were obtained by fitting individual current traces to either a sum of two (for Kv4.2 and Kv4.3 currents) or three (for Kv4.1 current) exponential functions. The relative contributions of the individual components were calculated (as a percentage of the total component) and shown in brackets. * , P Ͻ 0.05 (Student's t test) compared to the values without frequenin. Currents were measured at ϩ50 mV. 1.0 A) . We performed similar experiments with Kir2.1, a structurally unrelated K ϩ channel subunit of inward rectifying K ϩ channels (19) , and found it was also unaffected by frequenin (data not shown). Thus, the effect of frequenin may be specific to the Kv4 subfamily.
Effects of Frequenin on Other Kv4 Subfamily Members.
As we observed for Kv4.2 currents, when coexpressed with frequenin, Kv4.3 cRNAs produced significantly larger currents. The Kv4.3 inactivation time course was also considerably slower ( Fig. 4A , Table 1 ), which (as was the case for Kv4.2 currents) was because of an increase in the relative contribution of the slow inactivation process ( Table 1 ). In contrast, frequenin had relatively modest effects on Kv4.1 currents. Although in some batches of oocytes frequenin increased Kv4.1 current amplitudes, the overall effect was not statistically significant and the inactivation kinetics were largely unaffected (Fig. 4B, Table 1 ). Curve fitting of Kv4.1 current traces to a sum of three exponentials showed that frequenin affected neither the time constants nor the relative contribution of inactivation components ( Table 1 ).
The Kv4.2 N Terminus Is Responsible for the Differential Effects of
Frequenin on Kv4.2 and Kv4.1 Channels. We took advantage of the fact that frequenin had different effects on the inactivation time course of Kv4.1 and Kv4.2 currents to determine the structural elements of Kv4 proteins that are responsible for these differences. We constructed Kv4 chimeras by swapping the divergent N termini and C termini of Kv4.2 and Kv4.1 subunits. We refer to the construct containing the Kv4.1 N terminus, the Kv4.2 core (S1-S6), and Kv4.2 C terminus as 1-2-2 and conversely; chimera 2-1-1 is the Kv4.1 subunit having a Kv4.2 N terminus.
Interestingly, frequenin had no discernable effect on the time course of currents produced by the 1-2-2 chimera (Fig. 5A) , despite the fact that wild-type Kv4.2 currents were radically slowed. In contrast, the presence of the Kv4.2 N terminus bestows frequeninsensitivity to the otherwise insensitive Kv4.1 current (frequenin slows 2-1-1 current inactivation; Fig. 5B ). These effects of the Kv4.2 N terminus were independent of which C-terminal sequence was present, because C-terminal chimeras 2-2-1 and 1-1-2 were modulated in a similar manner as wild-type currents ( Fig. 5 C and D) . Collectively, these results provide strong support for the notion that the Kv4.2 N terminus (and likely also the Kv4.3 N terminus) contains structural elements that mediate the differential effects of frequenin on these currents.
Physical Interaction of Frequenin with Kv4.2 Channel Proteins. Physical interaction occurs between frequenin and Kv4.2 channels as demonstrated by using coimmunoprecipitation analysis from HEK293 cells cotransfected with HA-tagged Kv4.2 and GFPtagged frequenin cDNAs. Immunoprecipitation of Kv4.2 proteins with anti-HA antibodies resulted in detection of frequenin in immunoblots when using anti-GFP antibodies (Fig. 6A Top) . Conversely, Kv4.2 subunits were detected (using anti-HA antibodies) when frequenin was immunoprecipitated with anti-GFP antibodies (Fig. 6A Bottom) . To determine whether this association also occurs in native tissue, we immunoprecipitated protein complexes with anti-Kv4.2 antibodies from mouse brain membrane fractions. Frequenin could be detected in Kv4.2 immunoprecipitates, and reciprocally, Kv4.2 proteins were present when immunoprecipitating with antifrequenin antibodies (Fig. 6B) . These results demonstrate that Kv4.2 and frequenin proteins are associated in brain tissue.
Frequenin Colocalizes with Kv4.2 Proteins in Mouse Brain. mRNA transcripts encoding Kv4.2 subunits are expressed in specific neuronal populations in the brain, and most prominently in excitatory hippocampal neurons and in cerebellar granule cells (20) . In these neurons, the protein products are highly enriched in dendritic processes. They are also present in somatic membrane, but not in axons (21) . Frequenin has been reported to be expressed in both axonal and dendritic processes and shown to be expressed in the hippocampus and cerebellum (22) (23) (24) . We performed dual labeling experiments to determine whether Kv4.2 and frequenin are colocalized in neurons as would be predicted if the interactions reported here are of physiological relevance. We used a commercial chicken antifrequenin antibody, which in immunoblots of mouse heart and brain lysates recognizes a single band of Ϸ22 kDa, corresponding to the expected molecular weight of frequenin. Multiple higher molecular weight bands, as would be expected if these antibodies crossreact with KChIPs, were not observed (data not shown). This suggests that this commercial antibody reacts specifically with frequenin and provides support for the immunohistochemical observations. Both Kv4.2 and frequenin antibodies produced intense immunostaining of the dendritic processes of pyramidal and granule cells of the hippocampal formation ( Fig. 7 A and B) , as well as the dendrites of cerebellar granule cells ( Fig. 7 D and E) . There is extensive overlap localization of both proteins as illustrated by the superimposition of images taken following immunostaining with one or the other antibody ( Fig. 7 C and F) . Both proteins are also colocalized in somatic membrane; however, frequenin (but not Kv4.2 antibodies) also produced strong immunostaining of the mossy fiber in the hippocampus ( Fig. 7 A-C) . This result confirms the expression of frequenin in axonal processes and suggests that frequenin must have Kv4-related and -unrelated functions.
Discussion
In neuronal cells, A-type K ϩ channels operate in the subthreshold voltage range to control the timing, duration, and frequency of action potentials. In heart, their functional correlate is the transient outward K ϩ current (I to ) that contributes to repolarization of the action potential. The principal molecular components of these rapidly inactivating K ϩ currents are Kv4 subunits (13, (25) (26) (27) (28) (29) . However, several discrepancies exist between heterologously expressed Kv4 currents and native A-type currents (13, 26, 30) and there is also significant diversity in the functional characteristics of native A-type K ϩ currents in various tissue types (31) . These differences might be due to the presence of regulatory (␤) subunits that may alter Kv4 channel kinetics. The existence of such putative regulatory subunits was demonstrated by the ability of certain brain mRNA fractions to affect the functional properties of A-type K ϩ currents expressed by Kv4 transcripts or Kv4-containing brain mRNA fractions (26, 32, 33) . A set of proteins named KChIPs that specifically interact with the N terminus of Kv4.2 and Kv4.3 subunits were only recently identified by using yeast two-hybrid methods (17) . These proteins are Ca 2ϩ -binding proteins that are distantly related to frequenin (1) and were shown to potently modify Kv4.2 and Kv4.3 currents (18) . We report here that frequenin also exhibits properties that make it a strong candidate as an additional regulatory subunit of Kv4 currents. Frequenin (i) specifically increased Kv4 current amplitudes and modified their time course, (ii) increased surface trafficking of Kv4.2 proteins, (iii) coimmunoprecipitated with native Kv4.2 proteins, and (iv) colocalizes with Kv4.2 proteins in mouse brain. Qualitatively, the effects of frequenin and KChIP1 on Kv4 currents are similar. However, frequenin seems to have a larger effect on the inactivation time course, whereas KChIPs appears to have a bigger effect on current amplitude and recovery from inactivation (see Tables 1 and 2 and Fig. 1 ; see also refs. 12 and 18) . It is intriguing that both KChIPs and frequenin affect Kv4 currents, because they are distantly related members of the Ca 2ϩ -binding protein family (the sequence identity between frequenin and KChIPs is only 31-37%) as compared with family members that are more closely related (VILIPs, neurocalcin, and hippocalcin; with around 60% amino acid identity) but had no effect on Kv4.2 currents. Even more intriguing is the observation that neurocalcin, which has a very similar three-dimensional structure to that of frequenin (34) , also lacked effects on Kv4 currents. Because frequenin may be the evolutionary ancestor of the Ca 2ϩbinding protein family (1), it is possible that the ability of frequenin to interact and͞or modify Kv4 currents was transmitted to some (such as the KChIPs), but not all of the Ca 2ϩ -binding protein family members.
A Requirement for Intracellular Calcium. Our results show that the effects of frequenin on Kv4.2 currents were Ca 2ϩ -dependent. The crystal structure of human frequenin reveals that, like neurocalcin and recoverin, frequenin possesses four EF-hand motifs, but that only three of these (EF 2-4) bind Ca 2ϩ (34) . EF-3 and EF-4 bind Ca 2ϩ with an affinity well within the biological range of Ca 2ϩ concentrations (K EF3 ϭ K EF4 ϭ 0.4 M), whereas EF-2 binds Ca 2ϩ rather weakly (K EF2 ϭ 10 M; ref. 35 ). The fact that frequenin affects Kv4.2 currents under resting conditions in Xenopus oocytes suggests that frequenin was at 1 and 3) . The Kv4.2 antibodies were specific in our assays (see also ref. 14) because they immunoprecipitate Kv4.2-HA but not GFP-frequenin proteins (A). The antifrequenin antibodies also specifically recognize frequenin but not KChIP1 proteins expressed in HEK293 cells (data not shown). Lanes indicated by stars denote experimental lanes. Fig. 7 . Colocalization of Kv4.2 and frequenin in mouse brain. Mouse brain sections were double stained with Kv4.2 (A and D) and frequenin (B and E) antibodies. Over-imposed images (C and F) showed the colocalization of both proteins in the hippocampal formation (C) and in the granular layer of the cerebellar cortex. Note that the glomeruli in the granular layer (arrowheads) as well as the granular cell membrane (arrows) show immunoreactivity for both antibodies (F). DG, dentate gyrus; hif, hippocampal fissure; mf, mossy fiber; Py, pyramidal cell layer. (Scale bar: 300 m for A-C, and 10 m for D-F.)
least partially activated at the normal resting Ca 2ϩ levels (Ϸ90 nM in Xenopus oocytes; see ref. 36) . It also suggests that frequenin may be partially activated at rest in mammalian cells, such as those in heart and brain, which have resting Ca 2ϩ levels in a similar range. Because the Ca 2ϩ binding of frequenin is cooperative (i.e., the binding of one Ca 2ϩ vastly increases the Ca 2ϩ affinity of the remaining Ca 2ϩ binding sites), there is a steep dependence of frequenin activity on Ca 2ϩ levels throughout the range of biological Ca 2ϩ concentrations (100 nM to 1 M; ref. 35 ), suggesting that frequenin may affect its target proteins under diverse physiological and pathophysiological conditions.
Frequenin Enhances Surface Trafficking of Kv4 Channels. Our immunocytochemistry data show that when frequenin was expressed by itself in COS cells, it was diffusely distributed throughout the cytoplasm. Similarly, Kv4.2 protein expression was confined to perinuclear regions (most likely in the endoplasmic reticulum and Golgi apparatus; Fig. 2 A and B) . When coexpressed, both Kv4.2 and frequenin proteins were detected at the cell periphery, suggesting that frequenin increases membrane trafficking of Kv4 proteins. This may explain the observation that frequenin increases Kv4 current amplitude (although other mechanisms such as an increased single-channel conductance may also be responsible for this increase). Because frequenin trafficking is also affected by the presence of Kv4 proteins (Fig. 2) , the possibility is raised that frequenin and Kv4 proteins associate and that the efficiency of membrane trafficking of the resulting protein complex is enhanced, as is the case for Kir6 and SUR subunits (37) . Our coimmunoprecipitation data support the concept that association occurs between Kv4 and frequenin proteins. The physiological relevance of this association is demonstrated by the observations that (i) coimmunoprecipitation also occurs with native Kv4 and frequenin proteins isolated from mouse brain membranes, and (ii) that frequenin and Kv4 proteins are colocalized in some neurons in the mouse brain.
Kv4 Current Inactivation Time Course. The mechanisms of inactivation of Kv4 channels appear to differ from the better characterized N-type or C-type inactivation (38) . When expressed in Xenopus oocytes, Kv4.1 currents inactivate slower than either Kv4.2 or Kv4.3 currents. Curve fitting of the inactivating portion of current traces reveals both rapid and slow components of inactivation. The rapid components predominate in Kv4.2͞4.3 currents and the slower components have a dominant role in Kv4.1 inactivation (38) . The effects of frequenin were larger on those currents having a large contribution of rapid inactivation (Kv4.2, Kv4.3, and chimeras 2-1-1 & 2-2-1) and negligible on currents having a small component of rapid inactivation (those produced by Kv4.1 or chimeras 1-2-2 or 1-1-2; Table 1 ). One interesting possibility is that frequenin does not have the same effect on the two components of inactivation, and supports the concept that these two components arise from different molecular mechanisms (e.g., closed-state vs. open-state inactivation; see refs. 38 and 39).
Physiological and Pathophysiological Implications. Our data demonstrating an association between native Kv4.2 and frequenin proteins in immunoprecipitable complexes in mouse brain membranes strongly suggest that the ability of frequenin to regulate A-type K ϩ current is physiologically relevant. This suggestion is further underscored by their colocalization. In addition to KChIPs and frequenin, reports exist that regulatory subunits of other voltagegated K ϩ channels (including KChAP, Kv␤2, and MiRP1) may also affect Kv4 currents (40) (41) (42) . Because the latter proteins lack specificity for Kv4 proteins, studies of the dynamics of proteinprotein interactions will be required to understand the native system, which seems quite complex given the number of potential interacting proteins. Although the relative importance of frequenin in modulating native Kv4 proteins (and A-currents in brain and heart) remains to be determined, it is likely that KChIPs and frequenin (which are Ca 2ϩ -binding proteins) may have a more prominent role in physiological settings with altered intracellular Ca 2ϩ concentrations. For example, the association of frequenin with A-type channels in neurons containing Ca 2ϩ -permeable receptors such as NMDA-type glutamate receptors may allow for feedback control of A-type current function and, hence, signaling. If expressed in heart, it is possible that frequenin may bestow activity-dependent modulation of the transient outward current, and, hence, may partly be responsible for the frequency-dependent decrease of the action potential duration. In addition, our data suggest that elevated levels of Ca 2ϩ , as might occur during ischemia and stroke, might also affect A-currents and excitability under pathophysiological conditions. 
